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Introduction
Morphine and other opiates are the drugs of choice for the treatment of both severe and chronic pain. However, the utility of these compounds in the clinical setting is limited due to the rapid development of tolerance, physical dependence and addiction. The underlying cellular and molecular alterations through which chronic opiate exposure results in the persistent behavioral phenomenon of addiction remain poorly understood. However, there is evidence suggesting that the molecular composition of synapses within the reward circuitry of the central nervous system, particularly in the striatum, may be significantly altered (1). Moreover, given the critical involvement of the striatum in translating emotional or rewarding stimuli into motivated behaviors, alterations in this region induced by morphine and other abused drugs could contribute significantly to the pathophysiological responses at the heart of addiction (2) .
Although the debate surrounding the molecular and cellular mechanisms by which repeated drug administration leads to addiction is still continuing, there is substantial evidence for the involvement of synaptic plasticity within the striatum in this process.
Studies show that morphine administration both reduces the complexity of dendritic branching and spine density of striatal medium spiny neurons (MSNs) (3, 4) , and causes structural modifications that are known to lead to alterations in synaptic efficacy (1, 4, 5) . In addition to these morphological alterations, morphine also regulates the expression of transcription factors that are involved in mechanisms of learning and synaptic plasticity such as CREB (6) , ΔFosB (6, 7), and NF-κ-B (8) . Prolonged exposure to morphine and other opiates also results in a number of important molecular and electrophysiological changes at synaptic terminals. Thus morphine exposure reduces transmembrane Ca 2+ conductance and neurotransmitter release (9, 10) , causes alterations in glutamatergic transmission (11) (12) (13) , enhances postsynaptic K + conductance and membrane hyperpolarization (14) , and leads to significant upregulation of µ-δ opiate receptor heteromers in the striatum and other brain regions (15) (16) (17) . Given the wide-reaching changes induced by chronic morphine administration it is important to develop an understanding of how morphine and other abused drugs generate these neuroplastic changes particularly at the synapse.
Proteomic analysis has been used to elucidate both the in vitro (18, 19) and in vivo (20-26) changes in the protein profiles of synapses that exhibit drug-induced alterations in response to opiate exposure. For example, the use of subcellular fractionation, which allows for the separation and generation of protein fractions selectively enriched in either pre-or postsynaptic proteins (25, 27), in combination with proteomic analysis has revealed that an acute escalating dose of morphine administration produces significant alterations in the postsynaptic density (PSD) associated protein network in the hippocampus. This includes significant redistribution of endocytic proteins such as clathrin (20, 22) and glutamatergic α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors (12, 13) . Proteomic analysis coupled with tandem mass spectrometry (MS/MS) followed by the computational analysis that placed the proteomics results within known protein-protein interaction (PPI) networks also revealed a novel function for heat shock proteins and their co-chaperones in the presynaptic active zone of the morphine tolerant striatum. This, in turn, led to the identification of a therapeutic target that, when inhibited, prevented the development of tolerance and dependence while preserving the analgesic properties of morphine (24). This illustrates the power of proteomic analysis in combination with tandem mass spectrometry and data analysis that integrates known PPI networks in detecting and predicting protein changes in a specific subcellular fraction.
In this study we used a quantitative subcellular proteomic approach in order to explore morphine-regulated changes in the PSD fraction of the morphine dependent striatum. For this the striata of animals subjected to chronic escalating doses of morphine (28), were subjected to subcellular fractionation (27) so as to obtain fractions enriched in PSD proteins. In order to reveal relative changes in the abundance of PSD-related proteins, PSD fractions from individual morphine and saline treated animals were labeled with the 8-plex isobaric tags for relative and absolute quantitation (iTRAQ), and then subjected to MS/MS analysis. These experiments 6 identified a total of 2,648 proteins, of which 2,643 were quantified. Among these proteins, 34
proteins (~1.4 %) exhibited statistically significant regulation in response to chronic morphine treatment and were named the "High Confidence Morphine Regulated Proteins"; 10 of these proteins were significantly downregulated, while the other 24 proteins were significantly upregulated relative to saline controls. In order to place these differentially expressed proteins within the known biology of the synapse, we used the web-based tool Enrichr (29) for performing protein set enrichment analysis, and Genes2FANs (30) to construct a morphineregulated subnetwork. Among the proteins identified to be enriched for interactions with the 34
proteins we identified as differentially expressed at the synpase, we selected caspase-3, receptor-interacting serine/threonine protein kinase 3, and NEDD4 for experimental validation by Western Blotting. We also found that the global ubiquitination state of the striatal PSD proteins is altered by chronic morphine administration suggesting a broad role for ubiquitination and protein degradation in the development of tolerance to morphine. 
Morphine Treatment
Morphine and saline control injections were administered essentially as described previously (2, 24, 28, 32 h after the final injection, the striata were rapidly dissected on ice and stored at -80º C until used for subcellular fractionation as described below.
Subcellular Fractionation and Isolation of Postsynaptic Proteins
The striatum from each control and experimental animal was hemisected, and each half used to generate two fractions: a primary sample for use in experiments, and a backup sample to be used in the event of contamination or loss of the primary sample. Each striatal half was subjected to cell fractionation to obtain PSD fractions as described previously (22, 27, 33) (Fig.1A) . The pellet containing the PSD fraction was re-suspended in 200-250 µL of 1% SDS, the amount of protein determined using the BCA protein estimation kit (Thermo Scientific Pierce, Rockford, IL, USA), and stored at -80º C until use. 
Immunoblotting

Protein Extraction and iTRAQ Labeling
PSD fractions were subjected to iTRAQ as described previously (20, 34, 35) . Briefly, 100 µg of protein from each saline and morphine treated sample was subjected to SDS-PAGE. The min from 0-50% B, followed by 10 min from 50-100% B at a flow rate of 1 ml/min. Twenty eluted fractions were collected, dried completely with a speed-vac, and desalted using PepClean™ C 18 spin columns (Pierce, Rockford, IL, USA).
Tandem Mass Spectrometric (MS/MS) Analysis
Peptides from SCXLC fractions were further analyzed by RPLC-MS/MS on Obitrap Velos mass spectrometer. Briefly, peptides were loaded onto a reversed phase trapping column 
Identification and Quantification of Proteins
The MS/MS spectra were searched against UniRef 100 rat database (51,862 entries) using both Mascot (v.2.3) and Sequest search engines via the Proteome Discoverer platform (v 1.3; Thermo Scientific). In conducting this search, the following search parameters were used:
(i) fixed modifications included iTRAQ 8plex (K), iTRAQ 8plex (N-terminal), and methylthio (C);
(ii) variable modifications included iTRAQ 8plex (Y) and oxidation (M); (iii) trypsin was selected as the digestive enzyme; (iv) a maximum of one missed cleavage site was allowed; (v) the peptide precursor mass tolerance was 10 ppm; and (vi) MS/MS mass tolerance was 0.1 Da.
Scaffold (v.3.6.3, Proteome Software Inc., Portland, OR) was used to validate MS/MS based peptide and protein identification. Peptide identifications were accepted if they could be established at ≥ 90% probability by Peptide Prophet (36) . A false discovery rate (FDR) was maintained at < 1%. Similarly, protein identifications were accepted if they could be established at ≥ 95% probability and contained at least 1 uniquely identified peptide. Protein probabilities were assigned by the Protein Prophet Algorithm (37) . Protein FDR was maintained at < 1%.
Homologous protein redundancy was reduced by Scaffold software (V. 3.0) in a minimum.
Proteins that contained similar peptides and could not be differentiated based on MS/MS analysis alone were grouped to satisfy the principles of parsimony.
Quantitative values obtained for each identified protein were determined based only on unique peptides that were detected and assigned to each respective protein. Quantitative ratios for a given protein from each of the saline or morphine treated samples (Table S1) were calculated as the average of all unique peptide ratios that were associated with a given protein.
All quantitative ratios were Log 2 normalized for the final quantitative analysis. Proteins with a ttest value of p<0.05 and with a morphine to saline ratio greater than 1.2 fold or less than 0.8 fold were considered as significantly changed.
Enrichment Analysis of Proteomic Data and Generation of Protein-Protein Interaction Networks
The lists of significantly altered proteins were first subjected to gene set enrichment analysis using the tool Enrichr (29). Enrichr uses the Fisher exact test to compute enrichment.
In order to generate a PPI network based on proteins identified by proteomics as being modified by morphine treatment we generated a " (Table S2 ). The proteins in the "Morphine Seed List"
were connected using the PPI module of Genes2FANs, a web-based software tool (30, 38) , that integrates 13 mammalian binary interaction network datasets including HPRD, IntAct, KEGG, MINT, and BioGrid (38) . The integration of these datasets results in a background PPI network that contains 11,053 proteins connected through 44,985 direct PPIs. To increase the reliability of the interactions, we only retained interactions arising from sources that contributed five or more PPIs. The proteins from the "Morphine Seed List" were then connected to each other using the shortest path algorithm with a maximum path length of three. Once the construction of the PPI subnetwork using Genes2 FANs (30) was complete the finalized network was then visualized using Cytoscape v2.8.3 (39) .
The Genes2FANs software prioritizes intermediate proteins that connect the seed list of input proteins using the Binomial proportion test. Predicted intermediates with a Z-score > 3
were deemed "highly significant intermediates", between 2 and 3 "significant intermediates", and < 2 "intermediates". The presence of potential clusters within the generated PPI network was assessed with Cfinder (40) . Cfinder utilizes the clique percolation method to localize k-clique percolation clusters within the network.
Results
The present study seeks to elucidate alterations in striatal PSD protein expression in response to prolonged exposure to morphine using a combination of proteomics and network biology. For this animals were treated with either saline or escalating doses of morphine for 5 days (2, 24, 28, 32). The striatum of individual animals was rapidly dissected out and subjected to subcellular fractionation (Fig. 1A ) in order to isolate the selectively enriched PSD associated protein fraction (22, 25, 27, 33). The enrichment of PSD associated proteins in this fraction was verified by Western blot analysis using antibodies directed against well-characterized presynaptic (synaptophysin) and postsynaptic (PSD-95) markers. In the case of synaptophysin we detect a strong signal in homogenate fractions from both saline and morphine treated animals but no detectable signal was observed in the PSD fractions of these animals (Fig. 1B ).
In the case of PSD-95, the intensity of the signal was much stronger in the PSD fractions compared to the homogenate in both saline and morphine treated animals (Fig. 1B) . These results indicate that our striatal PSD preparations are enriched in PSD-associated proteins.
Next, we identified changes in the protein profile of the striatal PSD fractions following morphine treatment. This was achieved by labeling peptide fragments from four saline and four morphine treated animals with 8-plex iTRAQ reagents, mixing the labeled peptides and subjecting the peptide mixture to LC-MS/MS analysis. This led to the identification of 2,648 unique proteins in the striatal PSD fractions (Table S1) , of which 2,643 were reliably quantified (see "Experimental Procedures"). Representative spectra illustrating the identification and quantification of two distinct proteins detected in this study (synaptopodin which was decreased by morphine treatment and Gαo which was increased) are shown in Fig. 2 .
Among the proteins identified by LC-MS/MS analysis, a total of 34 (~1.4%) exhibited greater than a 20% change (p<0.05; t-test) in the samples from morphine treated animals relative to the saline controls. These proteins, of which 24 were significantly upregulated and 10
were significantly downregulated in response to morphine treatment, were labeled as "High (Fig. 3) as well as down-regulated proteins such as ubiquitin carboxyl terminal hydrolase 8 (USP8) (Fig.4A) . We found that the decreased abundance of USP8 in the striatial PSD fractions of morphine treated animals was accompanied by a significant increase in total levels of ubiquitinated proteins (Fig. 4B) .
Next we performed a protein set enrichment analysis using the tool Enrichr (29), and relevant gene set libraries such as mammalian phenotypes for knockout mice, Reactome pathways, Human Gene Atlas, ENCODE and TargetScan. The results show that both the upregulated and downregulated proteins are enriched for neuronal defect phenotypes (Fig. 5 ).
Reactome enrichment analysis suggest an increase in opioid signaling components which are likely to be an adaptive mechanism (Fig. 5) . Interestingly, many of the upregulated proteins are targets of two microRNA family members, whereas the downregulated proteins are enriched in genes highly expressed in the pineal gland and regulated by the transcription factor CTCF (Fig.   5 ).
Next we generated a PPI network based on proteins modified by morphine treatment using the Genes2Fans software suite (30). For this we generated a "Morphine Regulated Protein Seed List" (further referred to simply as the "seed list") by combining the observed "High Probability Morphine Regulated Proteins" (Table 1 & 2) with a set of proteins that exhibited lower levels of statistical significance (0.05 < p < 0.10), defined as the "Low Probability Morphine Regulated Proteins" (Table S2 ). We used Genes2Fans to connect as many pairs of seed list proteins as possible using intermediate proteins interactions identified within the known background PPI network. This allowed us to obtain a PPI subnetwork that comprised a total of 116 proteins, 17 from the seed list and 93 from the background PPI network ( Table 3 shows the list of Significant intermediates). These proteins were connected via 223 identified interactions (Fig. 6 ). Genes2Fans applied a binomial proportions test to prioritize the additional proteins that connect our seed list and found 40 significant intermediate proteins (Z-score > 2.0). Among these 40 proteins, 28 were found to be highly significant intermediates (Z-score > 3) while 12
were identified as significant intermediates (2.0 ≤ Z-score ≤ 3.0). We also carried out cluster analysis using CFinder (v.2.0.5) (40, 41) . Cluster analyses showed that our network exhibited a higher clustering coefficient (0.169, p<0.01) compared to 100 scrambled networks generated from the background dataset that had identical network topology (clustering coefficient of 0.086) which suggests a degree clustering that is distinctly non-random. Interestingly, our network predicts a number of receptors including opioid receptors, signaling molecules involved in calcium signaling as well as molecules whose function at the PSD is not as yet known as significant intermediates. Next, we validated the predicted significant intermediate proteins by
Western blot analysis. For this we selected three of the most unique proteins identified by Genes2FANs as none of them were known to localize to, or function at, mature synapses prior to this investigation: caspase-3 (CASP3), receptor interacting serine/threonine protein kinase 3 (RIPK3), and the E3-ubiquitin ligase neural precursor cell expressed developmentally downregulated protein 4 (or NEDD4). Western blot analysis using synaptosomal fractions showed that the expression levels of RIPK3 and CASP3 tended to decrease in morphine treated animals while levels of NEDD4 were significantly decreased compared to saline treated controls (Fig. 7) .
Discussion
The present study utilized a combination of subcellular fractionation (22, 25, 27, 33), quantitative proteomic approaches and network analysis in an effort to examine alterations in the postsynaptic protein profile within the striatum as a consequence of prolonged exposure to morphine. Of the 2,648 proteins that were identified in this study, 34 (or ~1.4% of the proteins identified) exhibited significantly altered expression following the morphine treatment paradigm.
Among these 34 morphine-regulated proteins, 24 exhibited significant upregulation (Table 1) , while the remaining 10 were significantly downregulated ( Table 2 ). Among the proteins upregulated following morphine treatment were proteins involved in G-protein signaling, including Gα O , Gβ1, and Gβ2. These results are in agreement with previous studies that showed increased expression of G-protein subunits particularly Gα O and Gα i during opiate addiction (42, 43) in a number of neuroanatomical regions including the prefrontal corted, locus coeruleus and nucleus accumbens (44) . This effect of morphine could extend to the molecular level, since an increased synthesis of Gα O and a decrease in the synthesis of Gα S was observed in the rodent hippocampus subsequent to chronic morphine exposure (45) .
Interestingly, proteomic studies using hippocampal PSD fractions of mice treated with escalating doses of morphine reported a slight (0.92 fold) decrease in the abundance of a closely related G-protein subunit, Gα O2 , compared to saline treated controls (22).
In this study we find that among the striatal postsynaptic proteins altered by morphine administration are several that are associated with the Ubiquitin-Proteasome System (UPS) such as PRAJA-1, FAM160A2, ubiquitin carboxyl-terminal hydrolase 8 (USP8), and ATG7. Of these Praja-1, FAM160A2, and USP8 were downregulated while ATG7 was upregulated in morphine treated animals. Interestingly a previous proteomics study investigating changes in phosphotyrosinated proteins in the frontal cortex of morphine dependent animals also detected alterations in a number of UPS related proteins (43) . To date very little is known about the role of these proteins in the central nervous system. PRAJA-1 is a E2-dependent E3 ubiquitin ligase that is abundantly expressed in the brain (46) , and has as its putative substrates the postsynaptic proteins Homer2, CAMK1G, EPHB3 and SEPT1 (47) . PRAJA-1 has been implicated in learning and memory associated with fear conditioning (48) . FAM160A2 is a FHIP protein that is a component of the FTS and Hook-interacting protein/FHIP (FHF) complex (49) .
The FTS component of the complex is an E2 ubiquitin-conjugating enzyme (49) and the complex as a whole has been implicated in sorting to early endosomes (50) . ATG7 has been
shown to be involved in autophagy, a process that can be recruited to clear aggregated ubiquitin-tagged proteins following USP disruption (51) . USP8, also known as USPy or HUMORF8, is a deubiquitinating hydrolase that regulates protein turnover by removing ubiquitin from proteins targeted for degradation (52) . USP8 has been shown to regulate the surface expression, endocytosis and degradation of a number of channels and receptors including the delta opioid receptor (53-57). Interestingly, in this study we find that morphine treatment leads to a decrease in the expression of USP8 in striatal PSD fractions and this is accompanied by a significant increase in the total levels of ubiquitinated proteins. This would suggest an UPS involvement in the development of tolerance and dependence to morphine. Thus, further studies are needed to evaluate the role of ubiquitinating and deubiquitinating enzymes in drug addiction.
The PPI network generated by Genes2FANs predicts caspase-3, RIPK3 and NEDD4 as significant intermediates in morphine induced changes at striatal PSDs; however, very little is known about the role of these proteins at the synapse during addiction to morphine. Caspase-3 (CASP3), which we find in this study to be decreased in synaptosomal fractions of morphine treated animals, is best known for its role during apoptosis as an executioner caspase that leads to neuronal cell death (58, 59) . However, recent studies have revealed not only developmental functions but also a functional role for this enzyme in the regulation of synaptic plasticity, learning, and memory (60) . Studies have demonstrated the presence of caspase-3 in both dendrites and PSD fractions (61) , and have shown that it can modulate synaptic transmission by interacting with and cleaving specific AMPA subunits at the PSD (62), and by regulating the internalization of synaptic AMPA receptors (63) . In this context, it is interesting to note that both caspase-3 and NEDD4 (another significant intermediate protein predicted by Genes2FANs)
have been shown to modulate AMPA receptor surface expression through their interactions with the GluR1 subunit (63) . In addition, caspase-3 and NEDD4 have been shown to modulate the activity of E2-and E3-ubiquitin ligases of the ubiquitin-proteasome system (61, 64) , some of which were found to be altered in this study following morphine administration. Therefore caspase-3 may play an inportant role in neurological disorders. This is supported by studies that implicate interactions between caspase-3 and glutamate receptors in Alzheimer's disease (65), as well as studies showing that mutations in leucine-rich repeat kinase2 (LRRK2) render dopaminergic neurons more sensitive to caspase-3 activation in Parkinson's disease (66) .
Although the current study indicates that chronic morphine treatment causes a decrease in the levels of caspase-3, further studies are needed to elucidate the role on this enzyme both at the protein level as well as with regards to its enzymatic activity in the development of tolerance and addiction to drugs of abuse.
Another protein predicted to have a significant involvement in morphine-mediated changes at the striatal PSD is the receptor interacting protein kinase 3 (RIPK3) (Fig. 6 & 7) .
RIPK3 and the closely related protein RIPK1, are important regulatory proteins involved in the process of necroptosis, a process associated with programmed necrotic cell death (67) .
Necroptosis is negatively regulated by caspase-8 (67); thus decreased levels of caspase-8 can lead to either RIPK1-dependent or independent mechanisms of recruitment of RIPK3 (67, 68) .
To date very little information is available about the the role of necroptosis in the central nervous system with one study reporting that 5-aminolevulinic acid-based photodynamic therapy stimulates necroptosis in glioblastomas by increasing the formation of necrosomes enriched in RIPK3 and RIPK1, but lacking other common proteinacious components such as FADD and caspase-8 (69) . Thus further studies are needed to elucidate the role of RIPK3 in the brain particularly during the development of tolerance to drugs of abuse.
Another interesting protein predicted to be a significant intermediate in this study is neural precursor cell expressed, developmentally downregulated 4 (NEDD4). NEDD4 was first characterized as a developmentally regulated protein with peak expression during early neurogenesis, followed by substantially decreased expression throughout postnatal development (70) . NEDD4 is also known to function as an E3 ubiquitin ligase (71) PSD fractions (15 µg protein) from morphine or saline treated animals were subjected to
Western blot analysis using antibodies to USP8 (A) as described in Experimental Procedures.
The total level of ubiquitinated proteins (B) was assessed using anti-ubiquitin antibodies.
Representative blot is shown in the figure. Data represent Mean ± SE of 4 independent animals. *p<0.05; **p<0.01; t-test. Synaptosomal fractions (15 µg protein) from morphine or saline treated animals were subjected to Western blot analysis using antibodies to either RIPK3 (A), caspase-3 (B) or NEDD4 (C) as described in Experimental Procedures. Striatal PSD proteins from saline and morphine treated animals (n= 4/group) were subjected to proteomics analysis and quantified as described in Experimental Procedures. Acc. #, accession number; M/S, morphine/saline. 
